We report tunable resonances in terahertz metamaterials made from high-temperature superconducting films. Taking in account the temperature-dependent complex conductivity, we develop a theoretical model for correct interpretation of the observed resonance switching and frequency tuning. Metals play a negligible role in dynamical and active metamaterial resonance switching and frequency tuning, which have been typically accomplished through the integration of metamaterials with other natural materials and by the application of external stimuli [1] [2] [3] [4] . There has been a recent interest over the use of high temperature superconducting (HTS) films in metamaterials since at cryogenic temperatures superconducting materials possess superior conductivity than metals at frequencies up to terahertz (THz). More interestingly, superconductors exhibit tunable complex conductivity over a wide range of values, through variation of temperature and application of photoexcitation, electrical currents and magnetic fields [5] [6] [7] [8] . Therefore, we would expect correspondingly tunable metamaterials, which originate from the superconducting materials composing the metamaterial, in contrast to tuning the metamaterial environment.
Abstract:
We report tunable resonances in terahertz metamaterials made from high-temperature superconducting films. Taking in account the temperature-dependent complex conductivity, we develop a theoretical model for correct interpretation of the observed resonance switching and frequency tuning. Metals play a negligible role in dynamical and active metamaterial resonance switching and frequency tuning, which have been typically accomplished through the integration of metamaterials with other natural materials and by the application of external stimuli [1] [2] [3] [4] . There has been a recent interest over the use of high temperature superconducting (HTS) films in metamaterials since at cryogenic temperatures superconducting materials possess superior conductivity than metals at frequencies up to terahertz (THz). More interestingly, superconductors exhibit tunable complex conductivity over a wide range of values, through variation of temperature and application of photoexcitation, electrical currents and magnetic fields [5] [6] [7] [8] . Therefore, we would expect correspondingly tunable metamaterials, which originate from the superconducting materials composing the metamaterial, in contrast to tuning the metamaterial environment.
The planar THz metamaterials [9] are based on electric split-ring resonators (SRRs) made from epitaxial YBa 2 Cu 3 O 7-δ (YBCO) HTS films. Square arrays of electric SRRs, with the unit cell shown in the inset to Fig. 1(a) , were fabricated using conventional photolithographic methods and wet chemical etching of the YBCO films. The YBCO SRRs have a thickness of d = 180 or 50 nm, outer dimensions of l = 36 µm, line width of w = 4 µm and gap size of g = 4 µm, and the arrays have the periodicity of p = 46 µm. Terahertz time-domain spectroscopy (THz-TDS) incorporated with a continuous flow liquid helium cryostat was used to characterize the YBCO films and metamaterials. Under normal incidence, the THz transmission spectra were measured as a function of temperature, using a bare substrate as the reference. These metamaterials exhibit temperature-dependent resonance strength and frequency, which reveal interesting tuning features not previously observed. In Fig. 1(a) , we show the THz transmission amplitude spectra for the 180 nm thick YBCO metamaterial sample at various temperatures. At temperatures far below T c , the metamaterial exhibits the strongest resonance. As the temperature increases, the resonance strength decreases, as seen by the broadening and reduction in amplitude of the transmission dip. The resonance frequency experiences a red shifting of 10% as the temperature is increased to 80 K. As the temperature further increases, the resonance strength continues to decrease, but the resonance frequency, on the other hand, shifts back to higher frequencies. The temperature-dependent transmission minimum and the corresponding resonance frequency are plotted in Figs. 1(b) and 
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QThK1.pdf 1(c) , respectively. The results show that, at temperatures near 80 K, the transition of resonance strength is fastest and the resonance frequency is minimal.
The complex conductivity of an unpatterned 180 nm thick YBCO film was measured using THz-TDS. The resultant real and imaginary parts of the complex conductivity at 0.6 THz are plotted as functions of temperature in the inset to Fig. 1(b) . As the temperature decreases below Tc, there is formation of superfluid Cooper pairs which results in the rapidly increasing imaginary conductivity, exceeding the real conductivity below 80 K. Using these experimental values of the YBCO complex conductivity at 0.6 THz, the metamaterial resonant response was simulated using commercially available finite-element simulation codes from COMSOL Multiphysics. The simulated transmission minimum and the corresponding frequency are plotted as functions of temperature in Figs.  1(b) and 1(c) , respectively, reproducing the experimental results. The measured real conductivity of the YBCO film reveals less than 20% change over the measured temperature. This small variation of real conductivity cannot solely cause the observed large metamaterial resonance switching and frequency tuning. Both the real and imaginary parts of the complex conductivity have to be considered for the metamaterial resonance. The imaginary conductivity, which is due to the superfluid carriers and causes no loss, becomes dominant at low temperatures, and it is responsible for the enhancement in resonance strength.
In order to correctly interpret the temperature-dependent resonance frequency shifting, additional inductance in SRRs has to be taken into account besides the geometric inductance. The additional inductance originates dominantly from the kinetic energy in superconducting carriers in the YBCO SRRs. We found that the temperature dependent SRR resistance and additional inductance, due to the temperature-dependent complex conductivity of the YBCO film, play the important roles in the resonance switching and frequency tuning. Therefore, we developed a theoretical model that inherently takes into account for both the resistive resonance damping and additional inductance, which excellently reproduced the observed resonance switching and frequency tuning in experiments and simulations, as shown in Figs. 1(b) and 1(c) . The theoretical calculation further predicts an overall lower resonance frequency, higher switching efficiency, and larger frequency tuning range when the metamaterials are made from thinner YBCO films. This was verified in subsequent experiments by using a 50 nm thick YBCO metamaterial sample with the results shown in Fig. 2 , where a frequency tuning range of 35% was achieved. We did not observe the back shifting of resonance frequency due to the high resistance at temperatures above 80 K, which already completely damps the metamaterial resonance.
In summary, we observed temperature induced metamaterial resonance switching and frequency tuning, which can be reproduced by finite-element numerical simulations using the experimentally measured complex conductivity of the YBCO film. We found that both the temperature-dependent real and imaginary parts of the complex conductivity of the superconducting film have to be consistently considered in order to achieve a correct interpretation. The effect was explained taking into account the SRR resistance and additional inductance. We expect that such resonance tuning in superconducting metamaterials could also be realized dynamically through application of optical excitation and electrical and magnetic fields. Although high temperature superconducting metamaterials may not be able to essentially address the loss issue at THz frequencies and beyond, they should enable the development of novel, multi-functional metamaterials.
